Epithelial cells have an apical-basolateral axis of polarity, which is required for epithelial functions including barrier formation, vectorial ion transport and sensory perception. Here we review what is known about the sorting signals, machineries and pathways that maintain this asymmetry, and how polarity proteins interface with membrane-trafficking pathways to generate membrane domains de novo.It is becoming apparent that membrane traffic does not simply reinforce polarity, but is critical for the generation of cortical epithelial cell asymmetry.
1
. The apical surface forms a critical interface between the extracellular milieu and underlying tissues and faces the lumen of sac-and tube-shaped organs and glands, or lines the inner surfaces of the body cavities. Its outer leaflet is rich in glycosphingolipids, whereas its inner leaflet is enriched in the regulatory lipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) (refs 2, 3). At the apicolateral junction of the vertebrate epithelial cell lies the junctional complex, which is composed of the apical-most tight junction, followed by the immediately basal adherens junction and desmosomal junctions (Fig. 1) . Although the lateral domain is critical for cell-cell interactions between adjacent cells, and is rich in the lipid phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ) (ref. 4) , the contiguous basal membrane facilitates interaction with subjacent cells or with the components of the basement membrane through dystroglycans and integrin receptors. Here we review our present understanding of how these distinct membrane domains are formed and maintained, how epithelial-cell asymmetry is generated, and how membrane traffic and polarity proteins act in concert to promote these processes.
Membrane-trafficking pathways in polarized epithelial cells
We begin by providing an overview of the pathways that are used for polarized membrane transport in epithelial cells. In the biosynthetic pathway, newly synthesized membrane proteins are trafficked from the endoplasmic reticulum, to the Golgi, and through the trans-Golgi network (TGN), where they are sorted into distinct carriers before their delivery to the appropriate cell-surface domain ( Fig. 1) 
1
. The full spectrum of TGN-derived carrier types in epithelial cells is unknown; recent studies, however, indicate that multiple, distinct carriers for apical and basolateral membrane cargoes exist [5] [6] [7] . In addition, epithelial cells with a regulated secretory pathway (for example, pancreatic acinar cells or bladder umbrella cells) form secretory granules at the TGN, which are distinct from constitutive cargo carriers 8 . Finally, some proteins avoid the Golgi entirely and are secreted by a non-canonical bypass pathway 9 . The route from the TGN to the cell surface is not always direct (Fig.  1 ). For some apical and basolateral proteins, passage through Rab8a and Rab11a GTPase-positive recycling endosomes has been described [10] [11] [12] , with Rab4 additionally involved in apical transport 12 . Why proteins use an indirect pathway is unknown, but for some (such as the polymeric immunoglobulin receptor (pIgR)) it may modulate their functions by allowing them to bind internalized ligand(s). Alternatively, it may promote their 'maturation' by altering their conformation as they encounter the relatively low pH of the endosomes en route to the cell surface. Additionally, the decoding machinery that recognizes some sorting signals is localized to endosomes (see later discussion) and transit through these compartments would ensure polarized delivery to the cell surface. Finally, for some cargo (such as the transferrin receptor, which is the classic basolateral recycling receptor) the choice of a direct or indirect pathway depends on the degree to which polarity has been established 13 , suggesting that in addition to cortical asymmetry, intracellular trafficking pathways are re-organized during development.
After surface delivery, proteins and lipids can then be internalized (Fig. 1) . The best-understood mechanism for internalization involves the vesicle coat clathrin, the membrane-deforming GTPase dynamin, and the heterotetrameric adaptor complex AP2, which binds to endocytic motifs in cargo molecules 14 . Additional, clathrin-independent endocytic pathways exist, including a RhoA-, dynamin-and integrin-regulated apical endocytic pathway in bladder umbrella cells 15 . However, the full identity, prevalence and extent of use of different endocytic pathways in polarized tissue remain to be elucidated.
Upon endocytosis, apical and basolateral cargo enter spatially distinct, peripherally localized apical or basolateral early endosomes (AEE or BEE); these are typically Rab5 positive [16] [17] [18] (Fig. 1) . The cargo then has several alternative fates. First, cargo can undergo rapid recycling to the cell surface, generally via Rab4-positive compartments 19 . Second, cargo may be partitioned into multivesicular bodies, which fuse to generate Rab7-positive late endosomes containing lysosome-directed cargo internalized from both apical and basolateral surfaces 16 . The third fate involves routing of a considerable fraction of cargo to the Rab8-and Rab10-positive common recycling endosome (CRE) (Fig. 1) , which contains perinuclear and supranuclear elements [20] [21] [22] . The name 'common surfaces, and delivered to apical early endosomes (AEEs) or basolateral early endosomes (BEEs). Cargoes can recycle to the cell surface (2a/b), be delivered to multivesicular bodies (MVBs) (3a/b), from which they will be delivered to lysosomes (not shown), or they can be delivered to the common recycling endosome (CRE; 4a/b). There may be a direct pathway from the AEE to the apical recycling endosome (ARE; 4c). CRE cargoes are shuttled to the basolateral cell surface (5), or delivered to ARE (6) , from where they gain access to the apical cell surface (7a). Apical-to-basolateral transcytosis may involve cargo transit from the ARE to CRE (7b). On synthesis in the endoplasmic reticulum (not shown), proteins are delivered by way of the Golgi stacks to the transGolgi network (TGN), to take either direct routes to the apical (8) or basolateral (10) surfaces, or indirect routes through the ARE (9) or CRE (11) . Endocytic pathways are shown with black arrows; biosynthetic ones with red arrows. The inset shows a magnified view of the apical junctional complex (JC), which is comprised of the zonula occludens (ZO), the zonula adherens (ZA) and the macula adherens (MA).
recycling endosome' derives from the intermixing of apical and basolateral cargo, both endocytic and from the indirect biosynthetic pathways. Within the CRE, apical and basolateral cargoes are again sorted and directed towards their appropriate cell surface (Fig. 1) . Apically destined proteins, including basolaterally internalized proteins (such as the pIgR), may be further routed through the Rab11a-positive apical recycling endosome (ARE) before arriving at the cell surface 20, 23 , although whether the ARE and CRE are separate entities or merely subdomains of the same structure is controversial 19, 24, 25 . In addition to the well-studied basolateral-to-apical transcytotic pathway, an apical-to-basolateral pathway exists, involving Rab25, but considerably less is known about its mechanics 24, 26 .
The epithelial sorting and transport machinery Although trafficking pathways provide a mechanism for delivery to a particular domain, vectorial transit of proteins require sorting determinants that are present in their cytoplasmic, transmembrane or extracellular domains. In turn, these sorting signals are decoded by a corresponding sorting and transport machinery that ensures correct membrane delivery 1 . Although lipids are also sorted in epithelial cells, their recognition and sorting is less well understood 27 .
Sorting of basolateral membrane proteins. Our knowledge of sorting signals derives mainly from the cytoplasmic domains of basolateral membrane proteins, which often bear a superficial similarity to endocytosis signals that include YXXØ-like or dileucine (LL/IL) motifs 28 . Moreover, like endocytosis, the machinery responsible for decoding many basolateral signals involves clathrin and heterotetrameric adaptor protein complexes [28] [29] [30] [31] [32] . The AP1, AP3 and AP4 complexes have all been implicated in basolateral sorting 28, [30] [31] [32] , yet most of our understanding comes from the AP1 complex. Although the AP1A complex is ubiquitous, a subset of epithelial cells also express an AP1B variant, wherein µ1b adaptin is substituted for µ1a 30, 33 . Both AP1A and AP1B are thought to promote basolateral traffic, but, in the absence of AP1B, AP1A may be a substitute for some cargoes 34 . Furthermore, Ap1m2 (also known as µ1b)-knockout mice develop normally and survive for several weeks after birth 35 . Compensation is incomplete, however, and mice spontaneously develop colitis, possibly due to apical mistargeting of the pIgR and other basolateral cytokine receptors to colon epithelia apical domains 35 . Similarly, the normal absence of AP1B in mouse kidney proximal tubules confers a unique apical localization to a number of otherwise basolateral membrane proteins (when in AP1m2-expressing cells) 36 . Thus, the cortical polarity of some proteins is determined by the differential repertoire of membrane-trafficking machinery.
Basolateral sorting adaptors probably function in a manner analogous to the plasma membrane AP2 complex. Like the µ2 subunit of AP2, AP1m2 is thought to interact with YXXØ-like basolateral sorting motifs in proteins such as the vesicular stomatitis virus glycoprotein (VSV-G) 37, 38 . Less is understood about the detection of LL-based basolateral sorting signals but, by analogy to AP2, these may be recognized by the σ1/γ subunits of AP1 39 . Interestingly, AP1m2 also recognizes cargoes with non-canonical motifs such as the GDNS motif in the transferrin receptor or the proximal tyrosine-based basolateral sorting motif in the low-density lipoprotein receptor (LDLR) 13, 40 . These observations indicate that either AP1m2 has multiple interaction surfaces and/or its interactions depend on accessory proteins. Evidence for the latter includes the PIP5K1γ lipid kinase, a protein that binds AP1m2 via a cytoplasmic YXXØ motif (YSPL), and bridges AP1B to E-cadherin and the Exo70 (also known as Exoc7) subunit of the exocyst 41, 42 . The latter is an octomeric complex that apparently acts by tethering apicaland basolateral-directed vesicles before fusion [43] [44] [45] . There is conflicting evidence as to whether the AP1B-Exo70-PIP5K1γ complex facilitates basolateral E-cadherin targeting, however, as E-cadherin also possesses . The latter, two-dimensional culture system is popular because it allows the epithelial cells to feed from their basolateral surfaces, they establish polarity within days, and the arrangement allows for access to both the apical and basolateral surfaces of the culture. An alternative to traditional two-dimensional culture involves growing epithelial tissues, cells or progenitors in a three-dimensional environment comprising extracellular matrix proteins, which allows for some aspects of tissue morphogenesis, such as lumen formation, to be recapitulated (c).
For example, Lgr5-positive intestinal stem cells grown in three-dimensional cultures form 'mini-guts' lined by intestinal epithelial cells organized in the expected manner 133 . Furthermore, when fragments of mammary glands, kidney and other organs are grown in such matrices they can recapitulate developmental processes such as branching morphogenesis, a phenotype not observed in two-dimensional cultures 134, 135 . Moreover, when MDCK, MCF-10A or a number of other epithelial cell lines are cultured in a threedimensional matrix, they form spheroid structures, variably referred to as cysts or acini, depending on the epithelial lineage of origin [134] [135] [136] . When mature, these spheroids comprise a single layer of epithelial cells with their apical surfaces lining an inner lumen, and their basolateral surface in contact with the extracellular matrix. When treated with morphogens some spheroids are able to undergo tubulogenetic programs, another process that cannot be modelled in two dimensions 137, 138 .
a LL motif required for basolateral targeting 46 , which apparently occurs via an AP1B-independent mechanism 13 . An additional example is the LDLR, an AP1B-dependent cargo that contains two tyrosine-based basolateral sorting determinants; however, neither motif interacts directly with AP1B 47 . Instead, its basolateral sorting may depend on ARH -a clathrin-associated adaptor protein previously implicated in LDLR endocytosis 48 -that may act by recruiting AP1B. Interestingly, this interaction is only required when the distal tyrosine-based motif is removed 47 , indicating that there may be multiple sorting signals in the cytoplasmic domain of basolateral cargo, some of which can be dominant, or masked by accessory proteins. The sum of these sorting signals would determine the surface polarity of a cargo molecule.
Interestingly, AP1B functions at the CRE, where it sorts both biosynthetic and endocytic recycling cargoes 13 . AP1B may be recruited to the CRE by interactions with phosphoinositides, the GTPase Arf6, and the Sec10 (also known as Exoc5) exocyst subunit [49] [50] [51] . AP1B-dependent basolateral transport apparently requires Rab8a, its effectors optineurin and Myo6, as well as Cdc42 and cellubrevin (Vamp3), but neither a direct interaction between these proteins and AP1B nor a functional hierarchy in these proteins has been established [52] [53] [54] . Furthermore, the involvement of Rab8a in these processes is unclear, as recent studies demonstrate defects in apical, not basolateral, transport when Rab8a and Cdc42 are depleted in cultured cells, or in Rab8a-null mice [55] [56] [57] [58] [59] [60] . Thus, further experimentation is required to define the role of these GTPases in cargo transport.
AP1B is not expressed by all epithelia 28 , and there are basolateral proteins such as CD147 and E-cadherin that require clathrin, but not AP1B, for their proper sorting 13, 29, 61 . Thus, additional mechanisms for basolateral sorting must exist. One example is naked 2, which binds to LL and HCCQVRKH motifs in the cytoplasmic domain of the epidermal growth factor receptor (EGFR) ligand transforming growth factor α (TGF-α) and is required for AP1B-independent TGF-α basolateral delivery 62 . Ankyrin G and its binding protein β 2 -spectrin may also have a role in basolateral sorting 63 . Finally, although no sorting signals are known for secreted basolateral proteins, mutations in the Drosophila melanogaster protein Scarface, a secreted serine proteinase-like protein, causes ectopic apical laminin A accumulation 64 . Furthermore, mutated Crag, a Drosophila homologue of the mammalian DENND4 family of Rab GTPase exchange factors (GEFs), results in a non-polarized distribution of the extracellular matrix proteins perlecan, laminin and collagen IV 65 . Precise details of how these proteins work, and their effect on membrane protein traffic, however, is unknown.
Sorting of apical membrane proteins.
Whereas basolateral signals are often cytoplasmic, apical sorting determinants are varied and can be localized to cytoplasmic, transmembrane or extracellular domains 66 . Furthermore, attachment to the membrane by a glycosylphophatidylinositol (GPI) anchor can specify apical sorting, although this is cell-type and molecule specific 66 . Moreover, some apical proteins, such as the influenza virus haemagglutinin protein and many GPI-anchored proteins, associate with lipid rafts 67 , which are specialized lipid domains (described later). In the case of those linear sorting determinants identified in the cytoplasmic or transmembrane domains of apical proteins, we do not know the mechanism(s) of signal recognition, nor do we have insights into where recognition occurs. In contrast, more is understood about those sorting determinants associated with the extracellular domain, and with N-and O-linked glycosylation, in particular. Although it remains an open question whether glycans function, in part, by ensuring proper folding of the protein backbone, work in the past decade points to the existence of apical sorting machinery that recognizes carbohydrate determinants 66, 68 . The latter involves a family of endogenous sugar-binding proteins called galectins that recognize β-galactosides, and can cross-link proteins into clusters, arrays or lattices by way of protein-carbohydrate interactions 69 . Depletion of galectin-3 in MDCK cells leads to mistargeting of several lipid-raft-independent apical membrane proteins to the basolateral cell surface, a phenotype also observed in the enterocytes of galectin-3-knockout mice 70, 71 . Galectin-3 function may be specific to trafficking of membrane proteins, as depletion of galectin-3 (and galectin-4) has no effect on transport of glycosylated apical secretory cargoes 72 . Other galectins implicated in apical targeting include galectin-4, which associates with sulphatides, and galectin-9, which binds Forssman glycosphingolipids [73] [74] [75] . Downregulation of the latter results in a marked loss of epithelial polarity. The intracellular site of galectin function has not been determined. However, after their release by a non-conventional secretory pathway, they can bind apical proteins and, on internalization, they can concentrate in endosomes or progress to the Golgi, where they apparently cluster their associated cargoes [74] [75] [76] .
Beyond the sorting motifs present in peptide backbones and associated with glycans, some apical protein traffic is also governed by annexins, the myelin and lymphocyte proteolipids MAL (as known as VIP17) and MAL2, BAR-domain containing proteins such as sorting nexin 18 (Snx18), , part of the cell-cell contact is converted into an apical (luminal) surface. AMIS formation requires a series of trafficking events that include: endocytosis of podocalyxin and the crumbs complex from the periphery, and Rab11a-dependent transport to, and exocytosis at, the AMIS. Rab11a recruits a Fip5-Snx18 complex to promote vesicle formation from the apical recycling endosome (ARE). Rab11a also activates Rab8a/b by the GTP exchange factor (GEF) Rabin8 (opposed by the Rab8 GTPase activating protein (GAP) Tbc1d30). Rab8a and 11a recruit Myo5b and the Sec15a exocyst subunit to transport vesicles to the AMIS, and interact with Sec10 at the AMIS to promote vesicle docking. A Rab27a/bSlp2-a complex clusters these vesicles at the AMIS. Slp4-a, with Rab3b/ Rab8a/Rab27a/b and the t-SNARE syntaxin-3 (Stx3), promotes vesicle fusion at the AMIS. Exocytosis also functions in initial recruitment of the Par3-aPKC complex to the AMIS: Rab8 stimulates Cdc42 loading onto exocytic carriers, possibly through the Cdc42 GEF Tuba. The Cdc42-Par6-aPKC-Par3 complex thus forms at the AMIS, in a step that may co-scaffold the exocyst complex at the AMIS. and lipid rafts [77] [78] [79] [80] [81] . The latter are nanometre-sized, highly dynamic microdomains of cholesterol, glycosphingolipids and proteins 82 . At sites of apical transport carrier formation, such as the TGN, the rafts and their cargoes are selected by clustering agents, possibly the galectins 75 . The lipid raft hypothesis is supported by work in yeast that shows that those TGNderived vesicles containing lipid-raft-associated membrane proteins are enriched in sphingolipids and ergosterol 83 , the yeast equivalent of cholesterol. Furthermore, glycosphingolipids are critical for mediating apical sorting in the gut of Caenorhabditis elegans 84 . Although much has been learned in the past decade, further work is needed to understand raft component synthesis and assembly, the protein determinants and features that specify raft inclusion, the regulation of raft clustering, the site of raft action, and the machinery that is incorporated into the lipid-raft-containing vesicles and ensures apical targeting and fusion.
Transport mechanisms and membrane fusion. During vectorial transport, cargoes must pass through multiple compartments en route to the cell surface. These events are regulated by Rab proteins (44 subfamilies in humans), which modulate cargo selection and the uncoating, movement, maturation, tethering and fusion of vesicles with their target membranes 85 . Other than Rab3, Rab13 and Rab27 (refs 8, 86, 87) , surprisingly few Rab proteins have been identified that specifically regulate the polarized traffic of cargo from the TGN of epithelial cells. In contrast, a number of Rab proteins, discussed earlier, are associated with the endosomes of polarized epithelial cells, including some (for example, Rab17) that are exclusive to epithelial cells 88 . Polarized traffic is also dependent on the cytoskeleton. Transport along microtubules is driven by multiple kinesin family proteins including Kifc3, Kif5B and Kif17, primarily for apical cargoes [89] [90] [91] , whereas the minus-end-directed microtubule motor dynein promotes exogenously expressed rhodopsin transport to the apical domain 92 . Actin-based motors have also been implicated in polarized membrane traffic, including the minus-end-directed motor Myo6, which is implicated in apical endocytosis and basolateral delivery 53, 93 , and Myo5A and Myo5B, which are critical for apical exocytosis [94] [95] [96] . Finally, vesicle fusion is mediated by the soluble N-ethylmaleimide-sensitive factor attachment receptors associated with vesicles (v-SNAREs) or target membranes (t-SNAREs). The t-SNAREs syntaxin-1, -2 and -3 have all been implicated in apical transport [97] [98] [99] [100] , supporting the idea that multiple routes exist to the plasma membrane. In contrast, syntaxin-4 is localized exclusively to the basolateral cell surface, and its delivery requires AP1B, where Vamp3 is the likely v-SNARE 54, 101, 102 . Disruption to the polarized localization of either syntaxin-3 or-4 results in the abolition of apical-basal polarity 102, 103 , indicating that membrane trafficking is part of the core polarity-generating machinery of the cell.
Polarity establishment and vectorial membrane traffic
We have explored membrane sorting signals and targeting machinery. Now we examine how epithelial cells develop distinct apical and basolateral membrane domains separated by junctional complexes, and how trafficking contributes to this process. These processes have been studied in model organisms and two-dimensional and three-dimensional cultures of epithelial cells (Fig. 2) . The epithelial program is initiated in response to extracellular cues (for example, by cell-cell contact), and is reinforced by polarity complexes that promote the formation of asymmetric membrane domains 1, 104 . These highly conserved assemblages of proteins (Fig. 3) include: the Crumbs complex (composed of crumbs (Crb), Pals1 (known as Stardust in Drosophila) and Patj (known as Discs lost in Drosophila), which in vertebrates is localized to the apical side of the junctional complex and required for its formation; and the Par complex, composed of aPKC (atypical protein kinase C; it has PKC-ι/λ and PKC-ζ isoforms), Par3 and Par6, as well as the Rho family GTPase Cdc42. This complex is localized near the junctional complex and, like the Crumbs complex, modulates the assembly and function of the junctional complex; and the Scribble complex (Scrib, Dlg and Lgl), which is found below the tight junctional complex, along the lateral membrane domain 105, 106 . It is important to note that although the components of each complex are functionally linked, they do not always work as one. For example, Cdc42-Par6-aPKC is associated with the apical surface whereas Par3-aPKC is associated with the tight junction 104 . The asymmetric distribution of polarity complexes facilitates the expansion of the membrane domain with which they associate. The Crumbs complex promotes apical membrane formation, whereas in organisms such as Drosophila the Scribble complex promotes basolateral surface expansion 104 . Whether Scribble proteins act in a similar manner in mammalian cells is less clear 105 . Furthermore, there are additional polarity proteins involved in basolateral sorting including Par1b (also known as MARK2) 107 ; Dlg5, which binds to syntaxin-4 and regulates basolateral trafficking of cadherins 108 ; and the recently described Drosophila Yrt-Coracle complex, composed of Yurt (Yrt), coracle (Cora), the Na + /K + -ATPase and neurexin IV 109 . The asymmetrically located polarity complexes can be mutually antagonistic, an example of which is the phosphorylation of lethal giant larvae (Lgl) by aPKC, which triggers the dissociation of Lgl from the membrane, reinforcing domain identity 110, 111 . These complexes do not act alone: their function depends on the concerted action of lipid modifying enzymes, signalling molecules, the cytoskeleton and its associated proteins 104 . Furthermore, there is a reciprocal interplay between polarity complexes and membrane traffic involving bidirectional influence on their localization and function 112 . For instance, Rab11a/exocyst-dependent apical transport pathways reinforce the localization of the apical Par complex 56 . Concomitantly, Par5, acting upstream of basolateral Par1 and apical Par3, controls the subapical positioning of Rab11-positive recycling endosomes in C. elegans intestine in vivo 113 . Thus, epithelial polarization involves not only asymmetry of the cell cortex, but also rearrangement of intracellular trafficking pathways.
Membrane traffic during the formation of polarized membrane domains. An instructive system to explore the interface between polarity proteins, membrane traffic and epithelial asymmetry is the formation of lumens, a structure found in the tube-and sac-shaped organs of the body. Lumens can be generated by folding pre-existing epithelial sheets, removal of an inner mass of cells by apoptosis, or by exocytosis of vesicles at specialized sites of cell-cell contact, resulting in the de novo lumen generation 104 . An example of the latter occurs soon after the first cell division of MDCK cells in three-dimensional cultures 114 . The process begins when apical proteins and the Crumbs polarity complex are delivered to a specialized zone of cell-cell contact called the apical membrane initiation site (AMIS) (Fig. 4a, b) 
115
. The AMIS is characterized by the transient accumulation of a number of apical polarity and trafficking proteins at the surface and subjacent vesicles 115 , and it precedes the formation of a tight-junction-delimited lumen. Ultimately, the AMIS gives rise to a pre-apical patch, which is formed once a tight-junction-delimited lumen is established containing Crb3a and podocalyxin (Fig. 4c) 
116
. Analogous AMIS structures have been observed in vivo in various tissues undergoing de novo lumen formation 117, 118 . Further cell divisions, events that reinforce polarity, and ion and water flow result in a cyst with a central lumen bound by polarized epithelial cells (Fig. 4d ) 116, 119 . AMIS formation is a transcytotic pathway that is initiated by endocytosis of apical proteins such as podocalyxin and the Crb3a complex from the extracellular-matrix-contacting surface, accumulation of these proteins in Rab11-positive vesicles, and finally their Rab11a-dependent exocytosis (Fig. 4b) 
56
. Although it is known that this delivery system ensures that the polarity complexes are present at the site of lumen formation and at the correct time, the sorting machinery involved in these early events is only recently becoming clear. Rab11a initiates a cascade of GTPase action, recruiting the GEF Rabin8α, which in turn activates Rab8a/b (a process opposed by the Rab8-specific GTPase-activating protein TBC1D30). Rab11a also recruits another effector, Rab11Fip5, which acts in concert with the aforementioned Snx18, presumably to facilitate formation of apically destined vesicles and/or tubules to be transported to the nascent lumen from the ARE 120 . Concomitantly, Rab11a recruits the Myo5b actin-based motor to the ARE, where it additionally interacts with Rab8a to facilitate transport of these vesicles to the AMIS 95 . Rab11a, and probably Rab8, further recruit the exocyst subunit Sec15a (also known as Exoc6) 56, 57 , which facilitates exocytosis by promoting binding of the exocytic carrier to the Sec10 exocyst subunit localized to the emerging AMIS. A homologous complex to Rab11-Rabin8-Rab8-Myo5b-Sec15 in budding yeast controls exocytosis to newly forming daughter buds, suggesting that this is an ancient polarity-generating module 121 . Exocytosis is also important for the initial recruitment of the Par3-aPKC complex to the AMIS 56 . Active Rab8 stimulates Cdc42 interaction with the exocytic carriers, which is probably the result of Rab8-dependent recruitment of the Cdc42 GEF Tuba. The AMIS is formed at a previously basolateral cell-cell contact, through conversion of the basolateral PtdIns(3,4,5)P 3 to PtdIns(4,5)P 2 via the lipid phosphatase PTEN 3 . PtdIns(4,5)P 2 , newly enriched at this site, binds annexin 2, which in turn scaffolds activated Cdc42 at the AMIS 3 . Finally, in a step that probably requires the Cdc42-Par6-aPKC complex 122 , AMIS formation probably reinforces exocytosis by colocalizing a Sec10-Sec8-Par3 complex to the emerging lumen 56 . Studies in the C. elegans intestine also demonstrate a crucial function for Rab11 in the promotion of apical polarization 123, 124 . Somewhat surprisingly, depletion of the clathrin heavy chain and subunits of the AP1 complex affect both apical and basal protein localization, and there is formation of ectopic lateral lumens between cell contacts. AP1 depletion causes loss of apical Rab11 vesicles and consequently -similar to MDCK cysts 56 -the loss of apical enrichment of Cdc42 and its effector Par6. Similar to mammals, C. elegans possess two AP1 median subunits. Although from sequence alignment these cannot be discriminated between Ap1m1 or Ap1m2, a single subunit, apm-1, causes this phenotype, suggesting it may functionally correspond to AP1A. These data emphasize an unanticipated function for AP1 in apical sorting processes at the Rab11 endosome, controlling apical transport and Cdc42-Par6 polarity complex localization.
A fundamental question related to tissue development is how cargo is directed to the nascent domain(s) during domain biogenesis; that is, when that domain has not yet been established. Recent analysis shows the involvement of a novel Rab3b-Rab27a/b-dependent pathway, co-reliant on the synaptotagmin-like proteins Slp2-a and 4-a 87 . Slp2-a binds to PtdIns(4,5)P 2 at the forming lumen, and clusters apically destined vesicles to the AMIS in a Rab27a/b-dependent fashion (Fig. 4b) . Concomitantly, Slp4-a bridges Rab27-Rab3b-Rab8 and the apical SNARE syntaxin 3 to promote vesicle tethering and fusion exclusively at the AMIS, to create a singular apical surface and lumen. Thus, a network, and in some instances a cascade, of Rab proteins control the specificity of vesicle transport, targeting, docking and fusion with the cell surface to ensure de novo membrane biogenesis, and thus cortical asymmetry, in epithelial cells.
The biogenesis of the basolateral surface is probably a dance between the activity of polarity complexes and membrane-trafficking events. However, this interplay is not well understood. In mammalian cells, a widely used model to explore the mesenchymal-to-epithelial transition is to examine the events that occur when migratory cells coalesce to form an epithelium after cell touching. This cell-cell interaction is mediated by E-cadherin, as well as nectins and the junctional adhesion membrane protein 125 . The latter two interact with, and may position, the Par complex at the site of touching and may later promote the recruitment of the Crumbs and Scribble complex at the forming junction 126 . E-cadherin interacts with the exocyst at the site of cell-cell contact 127 , and it is tempting to speculate that this may, by analogy with the AMIS, create a 'basolateral membrane initiation site' to reinforce delivery of basolateral proteins to the nascent cell-cell contact. Although this process is assumed to depend on the cytoskeleton 128 
, Rab11a
129 and the t-SNARE syntaxin-4-exocyst complex 127, 130 , further work is needed to understand how the basolateral membrane domain is generated in vertebrate cells 125 .
Final words
Much of our understanding of membrane-trafficking pathways, machineries and sorting signals comes from non-or poorly polarized cells. Such studies have been instrumental in the identification of the types of machineries and compartments involved and the definition of the principles of membrane transport. However, not all cells are created equal: a fact often overlooked is that different cell types in vivo possess differentially expressed cargoes, according to physiological need, and they must reorganize trafficking pathways to facilitate such needs. Furthermore, epithelial morphogenesis often includes the formation of specialized apical membrane domains, such as cilia and microvilli, a process dependent on polarity proteins and membrane traffic 131, 132 . A continuing challenge for both the fields of epithelial polarity and membrane traffic therefore is to identify how the sorting and transport machineries described earlier are coordinated to generate epithelial-cell form and function. Three-dimensional models, studies in C. elegans and in vivo RNA interference studies in mice in particular have begun to illuminate such pathways 4, 18, 87, 95, 113, 123, 124 . Moreover, although we know the existence of multiple regulatory machineries, such as Rab GTPases and polarity complexes that can control membrane transport, a further challenge is to understand how these operate as a network to generate polarized, vectorial membrane transport -a process fundamental for the formation and maintenance of epithelial asymmetry.
